Introduction
Chlorinated aromatic hydrocarbons include many hazardous compounds, 1,2 such as halogenated benzenes, polychlorinated biphenyls (PCBs), polychlorinated dibenzodioxins (PCDDs), and polychlorinated dibenzofurans (PCDFs). Especially in environmental protection equipments, pollution of the surrounding environment must be strictly prevented, giving a strong imperative for the development of real-time measurements for their concentration monitoring.
The emissions of such chemicals from environmental protection equipments and other facilities have become a major social issue, and evaluating the toxicity concentration requires methods having both high precision and high chemical selectivity.
The conventional methods require extensive analytical time (several days per sample) and are not suitable for the above mentioned requirements. The authors of the present study have applied laser ionization TOFMS to the measurement of chlorinated aromatic hydrocarbons, and have demonstrated the effectiveness of this method for real-time measurements. [7] [8] [9] [10] [11] The objective of the research reported here was to develop a measurement system capable of measuring chlorinated aromatic hydrocarbons quite rapidly, thus leading to the development of the laser ionization TOFMS (time-of-flight mass spectrometry) method. The laser ionization method uses resonance enhanced two-photon ionization. 8, 28, 29 With respect to laser ionization, in particular, efforts to determine the laser wavelength for the ionization of aromatic hydrocarbons resulted in the establishment of a method having sufficient sensitivity (ppbV level) for real-time measurements. In the work reported here, real-time laser-ionizaion TOFMS measurements were carried out on gaseous monochlorinated benzene and 2 -4 chlorinated PCBs, a detection sensitivity at the ppbV level was achieved. The measurement time was greatly shortened (1 min per sample) compared to the conventional method (several days per sample). Figure 1 shows a diagram of TOFMS experiment. The development of molecular spectroscopy has enabled us to select chlorinated aromatic hydrocarbons very rapidly. In particular, the laser ionization TOFMS (time-of-flight mass spectrometry) method is expected to be useful as an on-line, selective, and sensitive method. In the present work, real-time laser ionization TOFMS measurements were carried out on gaseous chlorinated aromatic hydrocarbons. The laser ionization method used resonance-enhanced two-photon ionization with the direct introduction of gas into the vacuum chamber. This method for analyzing aromatic hydrocarbons was developed using a pulsed supersonic molecular beam method. In the context of developing a highly selective and sensitive method, excitation of monochlorinated benzene at λ = 263.07 nm was found to be effective in the wavelength region from 263 nm to 265 nm. Also the excitation of polychlorinated biphenyls at λ = 266 nm was found to be substantially more effective than at λ = 280, 300 or 320 nm. The achievable sensitivity for real-time (1 min) measurements using the laser ionization TOFMS technique was found to be in the ppbV range.
Experimental

TOFMS measurement equipment
(Received July 27, 2005; Accepted January 6, 2006) † To whom correspondence should be addressed. E-mail: shinsaku_dobashi@mhi.co.jp AREF) maintains a high internal vacuum of about 10 -8 Torr by means of turbo-molecular pumps. 8 The measurement sample is supplied to the apparatus in the form of an ultrasonic molecular beam, through the use of a pulse valve (R. M. Jordan Co., PSV) and a 5 mm diameter skimmer. The pulse valve (orifice, 0.5 mm) delivered 50 µs duration gas pulses at 10 Hz into the vacuum chamber. The provision of the sample in this form induced cooling of the sample by means of adiabatic expansion, thereby increasing the ionization efficiency and improving the chemical species selectivity. The beam (i.e., the sample) was ionized by laser irradiation. The ionization region of the TOFMS has triple electrode for the dual-stage extraction and acceleration described by Wiley and McLaren. 30 The voltages of L1, L2, and L3 (in Fig. 3 ) were maintained at +4500, +2500, and 0 V, respectively. After extraction and acceleration, the ions were subjected to uniform movement inside the flight tube. Ion detection was performed using an ion detector (40 mm microchannel plate; R. M. Jordan). The mass resolution of the TOFMS is about 1000. The signal was amplified using an amplifier (C5594; Hamamatsu Photonics), subjected to 1 min of signal accumulation using an oscilloscope (TDS-7054; Sony Tektronics), and then stored as data in a computer (GK-7; Gateway).
Laser ionization optics
A pulsed dye laser (PDL-3, Spectra Physics) was used in order to output tunable light in the ultraviolet band required for ionization. This system featured a laser pulse energy of 5 mJ/pulse, a duration of 5 ns, and a repetition rate of 10 Hz. A YAG laser (GCR-200; Spectra Physics) was used for laser irradiation at 266 nm. The pulse duration of this laser equipment was 5 ns, with a pulse repetition rate of 10 Hz and an output of 5 mJ/pulse at 266 nm. 7, 8 Measurement samples Figure 2 shows the chemical structures for monochlorinated benzene and PCBs. The m/z of MCB, 2 -4 chlorinated PCBs are 112, 222, 256 and 290, respectively. The samples used in the present study consisted of the standard gas (monochlorinated benzene (MCB), Sumitomo Seika) and the PCB standard sample (KC-300, Kaneka Corporation). MCB, which features a high evaporation pressure, exists at room temperature and atmospheric pressure as ppmV gas. KC-300 contains mainly 2 -4 chlorinated biphenyls. Also, the vapors of PCBs were obtained by warming the container in which the KC-300 sample had been placed; this was mixed with a balance gas (nitrogen gas) and introduced into the TOFMS measurement equipment. The temperature of the container was about 310 K. Taking into considration the saturated vapor pressure of 3-chlorinated PCBs, the concentration setting was made so that the concentration of the thus-introduced PCBs gas would be about 14 mg/Nm 3 for these substances.
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Results and Discussion Figure 3 shows the MCB resonance ionization spectrum. The vertical axis represents the signal intensity of MCB ions, while the horizontal axis represents the laser wavelength. The laser wavelength was scanned at about every 0.03 nm. The IP (ionization potential) of MCB is 9.07 eV. 16, 32 It is possible that MCB undergoes a transition to IP by two-photon (wavelength; 263 -265 nm) ionization. As indicated in the figure, the signal intensity of the MCB ions was varied corresponding to the laser wavelength. Also, the signal intensity at around 263.1 nm (point A in Fig. 3 ) was strongest in the wavelength region from 263 nm to 265 nm. Figure 4 shows the MCB resonance ionization spectrum at around 263.05 nm in order to investigate 604 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 , and L3 were maintained at +4500, +2500, and 0 V, respectively. After extraction and acceleration, the ions were subjected to uniform movement inside the flight tube. the optimal wavelength of MCB ionization in detail. The laser wavelength was scanned about every 0.005 nm. The excitation of MCB at λ = 263.07 nm (singlet transition (S1 ← S0)) was found to be effective in the wavelength region from 263 nm to 265 nm. The FWHM of the peak was about 4 cm -1 . The resolution makes it possible to apply optical parametric oscillators, thus enabling the measurement equipment to have superior compactness. The mass spectrum of MCB at λ = 263.07 nm is shown in Fig. 5 . The obtained MCB spectra were characterized by multiple peaks, which is due to the fact that the isotopic abundance ratio of Cl atoms was Cl 35 :Cl 37 = 3:1. The laser wavelength was fixed at the MCB resonance wavelength (λ = 263.07 nm), and the concentration of the MCB was varied. Figure 4 shows the measurement results of the signal intensity of MCB ions at MCB concentrations of 10 ppbV -100 ppmV. The vertical axis represents the signal intensity of MCB ions, while the horizontal axis represents the MCB concentration. The wide range of MCB concentrations in Fig. 6 confirmed the good correlation between the MCB concentration and the signal intensity of the MCB ions. The S/N ratio in the signal is dependent upon the measurement time, but under the conditions reported here, MCB measurement at the <ppbV level was possible. Figure 7 shows the TOFMS spectra attributed to 2 -4 chlorinated PCBs during ionization with lasers at 266, 280, 300, and 320 nm, where the vertical axis represents the signal intensity, while the horizontal axis represents the mass number. In Ref. 23 , the resonance wavelength for 2-chlorinated PCBs excitation is 270 -290 nm. Also, the resonance wavelength becomes longer with an increase in the number of chlorine atoms of chlorinated aromatic hydrocarbons. Thus, we selected 266, 280, 300 and 320 nm for the resonance wavelength of 2 -4 chlorinated PCBs. In the case of PCBs, it was determined to be two-photon ionization by increasing the laser output. As indicated in the figure, utilization of the laser ionization TOFMS method was successful for measuring the mass spectra 605 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 From these results, it was determined that the energy corresponding to a wavelength of 266 nm was close to the excitation state of PCBs, which is considered to be highly useful in measuring the emissions gas containing mixtures of various molecules.
attributed to 2 -4 chlorinated PCBs. From these results, it was determined that the energy corresponding to a wavelength of 266 nm was close to the excitation state of PCBs, which is considered to be highly useful in measuring the exhaust gas containing mixtures of various molecules. Thus, if S/N = 3 is taken as the detection limit, the PCBs measurement sensitivity would be < 0.01 mg/Nm 3 (sub-ppbV level). Accordingly, laser ionization TOFMS allows us to establish a PCBs measurement method to monitor the regulation value for the PCBs emission gas. Also, a 266 nm wavelength laser beam is easily obtainable simply by using a YAG laser and non-linear optical crystals, thus enabling the measurement equipment to have superior stability and compactness. Thus, it was confirmed to select compounds quite rapidly by setting the resonance wavelength in the laser ionization TOFMS method.
Conclusion
The applicability of the laser ionization TOFMS method for high chemical selectivity was evaluated, and the following results were obtained: 1) The excitation of MCB at λ = 263.07 nm was found to be effective at wavelengths from 263 nm to 265 nm. With respect to the ionization laser wavelength for 2 -4-chlorinated PCBs, 266 nm resulted in substantially more efficient ionization than wavelengths of 280, 300, or 320 nm.
2) The wide range of the MCB concentration confirmed the excellent correlation between MCB concentration and the ion signal. MCB detection of <ppbV level was possible in 1 min. Also, the PCBs measurement sensitivity would be <0.01 mg/Nm 3 (sub-ppbV level).
Accordingly, laser ionization TOFMS allowed us to establish the real-time measurement method to monitor emission gas of MCB and PCBs within a measurement time of only 1 min.
In the future we will pursue a practical application in the form of a safety management-monitoring device for aromatic hydrocarbons.
